Motivation: The rational design of biological networks with prescribed functions is limited to gene circuits of a few genes. Larger networks involve complex interactions with many parameters and the use of automated computational tools can be very valuable. We propose a new tool to design transcriptional networks with targeted behavior that could be used to better understand the design principles of genetic circuits. Results: We have implemented a Simulated Annealing optimization algorithm that explores throughout the space of transcription networks to obtain a specific behavior. The software outputs a transcriptional network with all the corresponding kinetic parameters in SBML format. We provide examples of transcriptional circuits with logical and oscillatory behaviors. Our tool can also be applied to design networks with multiple external input and output genes. Availability: The software, a tutorial manual, parameter sets and examples are freely available at http://synth-bio.yi.org/ genetdes.html Contact: Alfonso.Jaramillo@polytechnique.edu
INTRODUCTION
Our understanding of transcriptional networks is very incomplete, although it has considerably increased over the last years (Babu and Teichmann, 2003) . New developments in synthetic biology (Endy, 2005) aim to the design of genetic networks with targeted behavior. The experimental use of combinatorial techniques has allowed the design of 3-gene synthetic transcriptional networks having NAND, NOR and NOT behaviors using a library of five possible promoters (Guet et al., 2002) . Recent rational design of synthetic networks took advantage of simulation techniques to obtain a set of valid kinetic parameters (Atkinson et al., 2003; Elowitz and Leibler, 2000) . Nevertheless, the computer simulation is mainly focused on the computation of the corresponding dynamics for a given choice of kinetic constants and network topology. The use of automated tools can provide the means to optimize the kinetic parameters (Feng et al., 2004) or even to optimize a protein network topology (Chickarmane et al., 2005; Francois and Hakim, 2004) to obtain a desired dynamics. We have developed a new bioinformatics tool that finds a transcriptional circuit with a desired dynamical behavior. We can use this tool not only to design synthetic transcriptional networks, but also to complete the topology (or the parameters) of a given natural network by assuming a given dynamics.
APPROACH
The dynamics of a genetic system can be described by nonlinear and coupled ordinary differential equations. For simplicity, we have just considered transcriptional regulations together with an effective model of protein concentrations. The dynamics of a transcription factor concentration (Y i ) is given by the following differential equation
where i is the transcription-translation rate of gene i, i the corresponding degradation rate, and i the basal rate. The function R i defines the regulatory factor for the promoter of gene i and it is specified by the following expansion
where c pq are a set of coefficients that determines a particular promoter behavior. R iA and R iB are defined by
when the promoter contains a repression site, and by R a iA ¼ ðY A =K iA Þ niA =ð1 þ ð½Y A =K iA Þ niA Þ, when it contains an activation site. K iA is the regulatory coefficient and n iA is the Hill coefficient. We have only considered the c pq corresponding to a small library of promoters, although we could have used other choices for c pq . We have selected promoters able to implement digital behaviors, such as the logic gates YES, NOT, AND, OR, NAND, NOR, XOR and XNOR, as shown in (Bintu et al., 2005; Buchler et al., 2003) . The parameters c pq could also be fitted against experimental data, which would allow us to enlarge this library. In addition, we could also have considered promoters regulated by more than two transcription factors. To compute the objective function, we define z(t) as the targeted dynamics, and y(t) as the dynamics of the corresponding circuit to evaluate,
where is a weighting factor used to only compute a region of interest (e.g. to avoid transients or to impose an oscillatory dynamics). When we want to design a transcriptional *To whom correspondence should be addressed.
network having a targeted logical function, we add the score corresponding to each possible entry of the truth table.
We use a Monte Carlo Simulated Annealing (Kirkpatrick et al., 1983) method to perform the optimization in the space of all possible transcriptional networks constructed with our promoter library (Fig. 1 ). During this process, we suggest a modification of the network by either changing a kinetic parameter or varying its topology. We simulate each new circuit and compute its objective function (J new ). If the suggested mutation lowers J (J new J), we accept it. Otherwise, we accept it with probability exp( À (J new À J)/T), where T is a temperature parameter that decreases exponentially with the number of iterations. Afterwards, we loop back and suggest a new mutation.
During the suggestion step we consider five types of mutations: (i) change one kinetic parameter in the model, (ii) add a new regulation (we randomly chose between activation or repression) between two genes, (iii) remove a regulation, (iv) add a new gene (which will have a constitutive promoter), and (v) remove a gene. We remove a gene if it does not regulate any other. In order to better explore each network structure, the probability to change a kinetic parameter is taken much bigger than a topology change.
IMPLEMENTATION
Genetdes has been developed in C and it uses the CVODE solver from the SUNDIALS library (Hindmarsh et al., 2005) to compute the dynamics. Our application is easily compiled and executed in Linux environments. The user can adjust the number of Monte Carlo iterations depending on the complexity of the problem. The design of networks of a few genes requires several minutes of CPU time to get an optimal solution. Importantly, Genetdes outputs the designed transcriptional networks in SBML format (Hucka et al., 2003) , which can be postprocessed with other software, and it can input an initial network in SBML format too.
To exemplify the use, we have targeted digital and oscillatory behaviors (examples are provided in our web site). In Fig. 2 we illustrate an optimal genetic network implementing an AND logic gate with three transcription factors. Genetdes allows the user to select the number of input and output genes to design networks with higher complexity. The user may choose to only optimize the kinetic parameters of a given network. Fig. 1 . Scheme of our algorithm to design transcriptional networks based on Simulated Annealing. We start from an initial circuit (usually random) and compute its corresponding score after solving its dynamics. Then we suggest a random modification (mutation step) of either a kinetic parameter or a network interaction. Each generated network is simulated and its fitness (J new ) is computed. We accept or reject the mutation according to the Metropolis criterion and we go back to the mutation step (we repeat this loop N times).
Fig. 2.
To design a transcriptional network with a given logic behavior (e.g. AND gate), we introduce the corresponding truth table as input and execute Genetdes to obtain an SBML file for the optimized circuit.
